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Abstract
Optoelectronic devices based on the III-nitride system exhibit remarkably good optical
efficiencies despite suffering from a large density of defects. In this work we use
cathodoluminescence (CL) hyperspectral imaging to study InGaN/GaN multiple quantum well
(MQW) structures. Different types of trench defects with varying trench width, namely wide
or narrow trenches forming closed loops and open loops, are investigated in the same
hyperspectral CL measurement. A strong redshift (≈90 meV) and intensity increase of the
MQW emission is demonstrated for regions enclosed by wide trenches, whereas those within
narrower trenches only exhibit a small redshift (≈10 meV) and a slight reduction of intensity
compared with the defect-free surrounding area. Transmission electron microscopy (TEM)
showed that some trench defects consist of a raised central area, which is caused by an
increase of about 40% in the thickness of the InGaN wells. The causes of the changes in
luminescences are also discussed in relation to TEM results identifying the underlying
structure of the defect. Understanding these defects and their emission characteristics is
important for further enhancement and development of light-emitting diodes.
Keywords: trench defect, cathodoluminescence, InGaN, multiple quantum wells, scanning
electron microscopy
(Some figures may appear in colour only in the online journal)
1. Introduction
InxGa1−xN/GaN multiple quantum well (MQW) structures
are the building blocks of optoelectronic devices such as
light-emitting diodes (LEDs) and laser diodes [1, 2]. The
advancement of the blue LED over the last few years has
opened up a multi-billion dollar market for solid-state lighting,
which is predicted to largely replace conventional light
sources in the near future [3, 4]. However, materials within
Content from this work may be used under the terms of
the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.
the III-nitride alloy system suffer from a wide number of
defects, including compositional fluctuations [5], threading
dislocations (TDs) [6], misfit dislocations [7], stacking faults
[8], grain boundaries [9] and V-defects [10]. The structural
and optical quality of these structures is strongly dependent
on the growth conditions and the choice of substrates. One
essential parameter is the growth temperature, as it is used to
control the incorporation of InN (which has a low miscibility
in GaN). In order to avoid decomposition of the InGaN well,
the GaN barrier layers separating the InGaN quantum wells
(QWs) are grown at much lower temperatures than normally
used for high quality GaN films [11–13]. Furthermore, the
large lattice mismatches between GaN, InN and the sapphire
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substrate, and the difference in thermal expansion coefficients
between GaN and the substrate, also lead to the formation of
a high density of defects [14]. However, one type of defect
has only been studied by a small number of groups despite its
existence being well-known amongst growers and its strong
impact on the luminescence: the trench-like feature or trench
defect [15–21].
In this letter, we use cathodoluminescence (CL)
spectroscopy to demonstrate that the trench defects can be
categorized into several different types and use hyperspectral
images encompassing multiple, different trenches to compare
their luminescence properties. In particular we investigate
the influence of the trench width on the emission properties.
Cross-section transmission electron microscopy (TEM) allows
us to further characterize the structural modifications caused
by the trench defect and relate them to their luminescence
characteristics.
2. Experimental section
The investigated InGaN/GaN MQW structures were grown by
metal-organic vapour phase epitaxy. After a thick undoped
low-defect-density GaN layer (TD density ≈4 × 108 cm−2)
and a 200 nm thick n-doped GaN layer, a five- or ten-period
InGaN/GaN structure was deposited with nominally 2.5 nm
thick wells and 7.5 nm thick barriers. The peak emission
from the MQW structure is around 460 nm and the InN
content in the wells was estimated to be about 17% by x-
ray diffraction. To investigate the surface morphology, we
used a field emission gun scanning electron microscope,
equipped with a custom-built CL spectroscopy system. CL
is a useful characterization tool for probing and mapping the
luminescence properties of light-emitting materials, such as
semiconductors [22–24]. Room temperature CL hyperspectral
imaging was performed by scanning the electron beam over the
sample surface and acquiring an entire luminescence spectrum
at each point with a high spatial resolution approaching 10 nm
[18, 25]. After data acquisition, peaks can be fitted to each
constituent spectrum, and the resulting fitting parameters (e.g.
peak position, intensity, width etc) plotted to create two-
dimensional images which map variations in the emission
characteristics. A detailed description of the CL system can
be found in [25, 26]. Specimens were prepared for TEM by
mechanical back-thinning and ion milling to perforation, and
imaging was performed in scanning TEM mode using a high
angle annular dark field (HAADF) detector.
3. Results and discussion
Secondary electron (SE) imaging revealed the presence of a
high density of trench defects besides the commonly occurring
V-defect. A closer look shows differences in the appearance
of such defects, which enclose regions with diameter of a
few 100 nm, a length scale which presents a challenge when
imaging their optical properties. We identify and classify three
types of trench defects as seen in figures 1(a)–(c): (i) narrow
trenches forming closed loops, (ii) wide trenches forming
closed loops and (iii) trenches forming open loops. These
Figure 1. SE images of three different types of trench defects on the
surface of a five-period InGaN/GaN MQW structure: (a) narrow
trench forming a closed loop, (b) two wide trenches forming a
closed loop, (c) open loop and (d) a narrow trench loop connecting a
wide trench loop. The pits are V-defects, a commonly occurring
defect in these kinds of structures.
three types sometimes connect with—or intersect—trenches of
another kind (figure 1(d)) or V-defects. The trench width, of
a given defect, is approximately constant around the entirety
of the loop. The total trench defect density for the five-period
InGaN/GaN MQW structure is approximately 1 × 108 cm−2.
The luminescence behaviour of these defects is notably
different from the observations on comparable structures from
another growth facility as reported in [18]. In that report, CL
hyperspectral imaging revealed a redshift and strong intensity
increase in the luminescence from within the trench loops
in comparison with the surrounding area. In contrast, the
current samples are governed by trench defects of more diverse
types, each having a different impact on the luminescence.
Figure 2(a) shows an SE image containing multiple different
trench defects, including (from left to right): a narrow trench
loop; a wide trench loop; and interconnected narrow trench
loops with an open loop. We performed CL hyperspectral
imaging on this area using an acceleration voltage of 5 kV,
a beam current of 100 pA, a step size of 10 nm and an
exposure time of 50 ms per spectrum. From this data set,
we can generate a conventional panchromatic (i.e. spectrally
integrated) CL intensity image as seen in figure 2(b). Three
distinct luminescence behaviours are observed in this intensity
map. The area inside the middle defect, a wide trench loop
labelled ‘3’, exhibits a much stronger CL intensity than the
regions enclosed by adjacent loops or surrounding area. These
structures therefore match the trench-like feature in [18]. In
contrast, the current samples also show narrower trench loops
(labelled ‘2’, ‘4’, and ‘5’), which show a reduced intensity
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Figure 2. (a) SE image of three trench defects neighbouring each other, (b) panchromatic CL image of the same area as seen in the SE
image and (c) CL spot spectra from six marked spots in the SE image. The spectra are offset for clarity.
compared with the trench-enclosed regions. Furthermore,
there are some regions within narrow trench loops, such as
6, which display no CL intensity contrast at all. Additionally,
instances of the well-known V-pits are observed, which act as
centres for non-radiative recombination and therefore appear
as dark spots in the CL intensity map. To further clarify this
varying emission within the trench defects, we have calculated
mean spectra for 5-by-5 pixel areas at six different positions,
marked by numbers on the SE image in figure 2(a); these
spectra are plotted in figure 2(c). The CL spectra exhibit strong
thickness fringes which result from interference between the
directly emitted light and that reflected from the GaN–sapphire
interface. We note that the appearance of fringes is quite
sensitive to the CL collection geometry. The current system
collects the light from a small solid angle due to the use of
a reflecting objective with a small numerical aperture and
its optical axis perpendicular to the electron beam [26, 25].
In contrast, the CL spectra presented in [20, 21] are angle-
integrated by a paraboloidal mirror which collects the light over
a large solid angle. Region 3 shows not only a clear increase
in intensity but also a redshift in its emission wavelength in
comparison with the other trench defects and the surrounding
(defect-free) area. Measurements on the other four positions
inside the left and right trench defects show only a slight
intensity reduction and small peak energy shifts compared with
the defect-free area. The CL peaks also exhibit significant
skew, consistent with the presence of (unresolved) longitudinal
optical phonon replicas on the low energy side of the MQW
emission.
Exploiting the hyperspectral nature of the CL dataset,
we numerically fitted the MQW emission peak in each
spectrum with a Gaussian function (taking the presence of
phonon replicas into account). The resulting maps of the
fitted integrated intensity and peak energy are displayed in
figures 3(a) and (b), respectively. The CL intensity map from
peak fitting is almost identical to the panchromatic CL image
in figure 2(b). The CL peak energy map (figure 3(b)) clarifies
the mean energy shifts. The area within the middle trench
defect (region 3) is redshifted by about 90 meV compared
with the defect-free surrounding region, while its intensity
changes by almost an order of magnitude. On the other hand,
the enclosed region of the narrower trench defects (regions
2, 4, and 5) only shows a small redshift of about 10 meV
and a slight reduction in the intensity. As already seen in
the panchromatic CL image, the area where loop 6 is located
exhibits no change in the CL intensity map. Also, no energy
shift is observed for region 6, whose presence appears to
have no impact on the luminescence. Figure 3(c) shows the
energy shift plotted against the width of the trenches, showing
a generally increasing redshift with increasing trench width.
The trenches appear as an inverse peak in an intensity line
scan taken across a defect in an SE image, where the SE signal
is reduced. The trench width was estimated at the points where
the SE signal approached a nearly constant value on either side
of the reduced signal.
While the CL data alone cannot unambiguously identify
the mechanism behind the observed luminescence behaviour,
when taken together with structural measurements it is possible
to gain further insights into the origin of the trench defect
emission. We therefore investigate the underlying structural
properties of the trench defects by performing cross-section
TEM measurements on a ten-period QW sample, which is in
all other respects identical to the five-period QW sample [19].
A HAADF image of a sectioned trench defect is shown in
figure 4, with the InGaN QWs appearing as bright line contrast
due to the higher atomic number of indium in comparison
with gallium. The defect bounded by two sectioned regions
of the trench, indicated by white arrows, encloses a raised
central area. The shadow image of a second trench very close
to the first is visible due to the projection of the sectioned
trench through the entire thickness of the TEM specimen. This
shadow image confirms that the trenches are not V-defects, as
these are pyramidal features which do not produce a shadow
V-shape when viewed in cross-section. HAADF imaging of
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Figure 3. Room temperature CL maps gained by fitting the MQW emission peak in the hyperspectral data set with a Gaussian function:
(a) integrated intensity and (b) peak energy map. (c) Energy shift of the inside region with respect to the surrounding area against trench
width. The red line is a guide for the eye.
the defect-free area shows that the QWs and barriers are highly
uniform with thicknesses of (2.5±0.3) nm and (7.5±0.3) nm
respectively. The QWs within the enclosed region of the trench
defect, however, are thicker, with an average thickness of
(3.5±0.3) nm, leading to the area being raised compared with
the surrounding region. This confirms that the investigated
samples exhibit trench defects with increased QW thickness
within the enclosed region as previously observed [19].
The authors of [20] have performed further high resolution
TEM investigations on these structures. It was found that a
basal plane stacking fault (BSF) extends underneath the trench
defect, which is connected to a vertical stacking mismatch
boundary (SMB) terminated at the apex of the V-shaped
trenches on either side. Straight boundaries of the defect are
orientated at 60◦ or 120◦ to each other and follow 〈1 1¯ 0 0〉
directions. It is proposed that whenever a change in orientation
occurs the SMB opens up into a pit. Jagged sections appear
where the boundary undergoes frequent changes in direction to
maintain the 〈1 1¯ 0 0〉 orientation of the SMB and the generated
pits join to form a trench.
Ting et al have used atomic force microscopy (AFM) to
study the surface morphology of what they called inclusions,
described as larger filled-in V-pits, similar in appearance to
the trench defect [15]. They reported that some of these
features have an increased height of up to 12 nm. Florescu
et al described these inclusions appearing as variously bright
and dark in panchromatic CL images [16]. Both Florescu
and Ting suggested that the brighter inclusions originate at the
first InGaN–GaN interface, where the growth mode changes
from three-dimensional island-like to two-dimensional step-
flow growth. They suggest that inclusions of segregated
indium or InN-rich InGaN are nucleated at those positions
where TDs or V-pits intersect the InGaN–GaN interface.
Further investigation by Kumar et al showed that the use
of trimethylindium pre-flow before the InGaN well and
high temperatures for the GaN barrier growth encouraged
appearance of the inclusions. The additional In atoms
might nucleate at V-pits and form InN-rich clusters at the
GaN interface, which act as sinks for further In segregation
causing the inclusions to appear during the subsequent layer
growth [27]. The appearance of inclusions can be reduced
or prevented by using elevated temperatures or introducing
hydrogen during the GaN barrier growth, or by reducing the
InGaN growth rate [15, 16, 28]. Statistical analysis of a large
number of trench defects was performed by the authors of [21]
linking their geometrical properties, such as trench width,
area and prominence (height) of the enclosed material to their
emission characteristics. For example, they demonstrate a
weak correlation between prominence and redshift and almost
no correlation between prominence and emission intensity.
This work studies the luminescence from trench defects
of different types located side by side within a small region
as seen in figure 3, with marked changes to the behaviour
of the QWs and links it to structural information gained by
TEM imaging as discussed in the following paragraphs. First
we consider possible causes for the changes in energy and
intensity seen in the CL data: (i) change in the well width;
(ii) change in the InGaN composition; (iii) change in the strain
state; and (iv) change in the strength of the quantum-confined
Stark effect (QCSE). Several of these factors are interrelated.
Possible causes of a redshift will now be considered, along
with the impact on luminescence intensity. Thicker QWs
could be a cause, but would be expected to lead to a decrease
in intensity as the QCSE increases due to greater spatial
separation between electron and hole wave functions. This
enhancement of the QCSE additionally redshifts the emission.
Another possibility for a redshift is an increase in the InN
content, which also reduces the emission intensity due to
the degradation of crystal quality. Strain relaxation has an
influence on several parameters. The MQW structures are
usually under compressive strain due to the pseudomorphic
growth, and partial relaxation of this strain causes the emission
4
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Figure 4. HAADF image of a sectioned raised trench defect of a ten-period InGaN/GaN MQW structure, with trenches indicated by arrows.
The thickness of the InGaN QWs is indicated by dotted lines.
to shift to lower energies. Since strain leads to the QCSE, its
reduction also results in a blueshift and increase in intensity.
Strain relaxation can also cause an increase in the InN fraction
through the compositional pulling effect. This has been
observed in InGaN epilayers in which the gradual relaxation
of strain with increasing film thickness leads to higher InN
incorporation towards the top of the epilayer [29]; similar
results have been found for InGaN MQWs [30]. The formation
of stacking faults and the generation of V-pits by SMBs, which
has been reported in [20] for the samples investigated, is one
route to strain relaxation [31, 32]. A significant enhancement
of the emission intensity can be due to a localization effect in
the MQW region. This can be caused by potential fluctuations,
such as local changes in the InN composition or well/barrier
widths. An increased InN content can be related to InN-
rich clusters or quantum-dot-like states within the well layer,
which would also explain the strong redshift in the emission
energy [33]. This makes localization in combination with one
of the other effects the strongest contender to explain a redshift
accompanied by an increased emission intensity (as in region 3)
since most of the single effects causing an increased intensity
lead to a blueshift of the emission, as described above. A
combination of the above-mentioned effects, however, could
lead to a redshift and significantly increased intensity, such as
strain relaxation enhancing InN incorporation and leading to
carrier localization. The redshift due to the InN increase and
localization, however, must dominate over any blueshift from
a reduced QCSE caused by relaxation in this case.
We now consider the structural information gained from
TEM measurements alongside the CL results. The observed,
significant variations in luminescence between the trench
defects with different trench widths might be caused by
different material properties within the loops, and the effect of
these properties on the QWs. Considering the greater trench
width of some of the loops, it is a fair assumption that with
increasing width the V-shaped trenches penetrate further into
the MQW structure, maybe even as far as the first QW interface.
Also, the TEM findings that a vertical SMB is connected to the
apex of the trench and linked to a BSF extending below the loop
suggests that the affected area of the defect is separated from
the surrounding material and the undisturbed QWs below the
BSF. This separation could lead to altered growth conditions
in the affected area causing a change in the material properties.
Loops with narrower trenches might be less affected since a
smaller area is altered compared with wider trenches, which
penetrate further into the material.
As the HAADF image in figure 4 shows, some defects
enclose QWs with increased thickness leading to that area
being raised compared with the surrounding region. Thicker
QWs decrease the emission energy due to weaker quantum
confinement and stronger QCSE, which also decreases the
emission intensity. This would agree with the observed
behaviour for the defects with narrow trenches (e.g. regions
2, 4 and 5 in figure 3). Furthermore, AFM imaging on these
structures showed that trench defects can have lowered, level
or raised central regions [19, 20, 21]. An increase in well
thickness, however, would not explain the drastic increase in
intensity for the loops with wider trenches or the appearance
of trench defects with level or lowered central regions since
there is no additional material within the enclosed area. The
correlations involving the prominence reported in [21] are
also important in this respect and an alternative explanation
is necessary in such cases.
The trenches themselves appear as dark lines in the CL
intensity maps in figures 2(b) and 3(a). TDs generating V-pits
are considered to be centres for non-radiative recombination;
since TEM measurements showed the trenches consist of
coalesced pits, which are caused by SMBs opening up, it is
reasonable to assume that SMBs themselves also act as non-
radiative recombination centres.
4. Conclusion
In summary, we have used CL hyperspectral imaging to
investigate the luminescence behaviour of different types of
trench defects on the surface of InGaN/GaN MQW structures.
Results from CL images suggest a dependence of the emission
properties of this defect on the width of the trench. While
the area enclosed by wider trench defects gives luminescence
which is redshifted and more intense, the emission from inside
loops with narrower trenches is only slightly redshifted and
its intensity is lower compared with the surrounding region.
TEM measurements showed an increase in QW thickness for
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the enclosed area. The observed luminescence changes could
be caused by different effects and combinations of effects:
thicker QWs; increased InN composition; strain relaxation
(formation of SMBs and BSFs); and carrier localization
(potential fluctuations or InN rich clusters). With increasing
depth and width of the trenches more enclosed material is
affected by the defect, effectively separating the inside region
from the surrounding. For wider trench defects we propose
that carrier localization dominates over other effects, whereas
for narrower trench defects localizations seems to be weaker
and the increased width of the QWs governs the emission
properties. Deeper understanding of these defects, because
of their different emission characteristics compared with the
rest of the sample surface, is important for further enhancement
and development of ultra-efficient LEDs based on InGaN/GaN
QW structures.
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